Dystrophic cardiac calcification (DCC) is often found in DBA/2 mice, reportedly in association with low plasma magnesium levels in this mouse strain. It was hypothesized that high-phosphorus diets and low-magnesium diets that are known to lower plasma magnesium concentrations would promote the development of DCC. DBA/2 mice were fed diets with either low-magnesium (0.02%, w/wl or high-phosphorus (0.8%) concentrations or a combination of the two variables. NMRI mice were given either a low-(0.2%) or high-(0.6%) phosphorus diet.
Soft tissue calcification associated with DCC is frequently observed upon post-mortem examination in laboratory mice. The prevalence, severity and the organs affected depend upon gender, age, diet, strain and, in females also on pregnancy (Eaton et al. 1978) . The aetiology and pathogenesis of Dee are as yet unknown. Dee is a pathological disorder and thus possibly influences animal welfare and/or the outcome of experiments.
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Well known DCC-susceptible mouse strains are the DBA/2 and C3H strains, whereas the C57BL/6 strain is resistant (DiPaolo et al. 1964 , Van den Broek et al. 1997 .In the DBA/2 and C3H strains calcific deposits in the heart are often associated with cell death so that this condition is called DCC. Calcifications in other organs are not necessarily dystrophic although they are consistently associated with Dee (Doi et al. 1985 , Imaoka et al. 1986 ). Brunnert and Altman (1990) showed that in DBA/2 mice experimental lesions calcify, as opposed to those in C57BL/6 mice. A disturbed mineral homeostasis in the DCC-sensitive DBA/2 mice is possibly involved.
In an earlier experiment we showed that mice from the DCC-susceptible C3H and DBA/2 strains had lower plasma magnesium concentrations than DCC-free C57BL/6 mice. For DBA/2 mice plasma phosphorus concentrations correlated directly with the severity of cardiac calcification (Van den Broek et 01. 1997) . The feeding of magnesium-deficient diets to rats has been shown to reduce plasma magnesium concentrations and to promote myocardial calcification (Pointillart 1976) .Diets containing excessive amounts of phosphorus lower plasma magnesium concentrations in other species (McDowell 1992) . Thus, magnesium and phosphorus nutrition could playa role in the aetiology of DCC in mice.
In the first experiment described here we have attempted to influence the tissue calcium content of NMRI mice by the feeding of a high-phosphorus diet. To our knowledge NMRI mice do not develop soft tissue calcifications under common laboratory conditions. In the second experiment DCC-susceptible DBA/2 mice were fed diets varying in the amount of phosphorus and/or magnesium.
Materials and methods

Experiment with NMRI mice
For experiment I, 12 in-house bred NMRI mice of each sex were used. They were housed in Macrolon type II cages (Uno BV, Zevenaar, The Netherlands) in single-sex groups of three animals each. The mice were aged 12 weeks at the beginning of the experiment. All mice were given free access to demineralized drinking water and a powdered semi -purified diet containing 0.2% (w/w) phosphorus (Table I, control diet) . Prior to administration, the diet was mixed with demineralized water in a 4: 1 lw/w) ratio. After 10 days both the male and female animals were divided into two groups of six mice that were stratified for body weight. van den Broek & Beynen Subsequently, the mice were now housed individually in metabolic cages (Uno BV, Zevenaar, The Netherlands). For one group of each sex the low-phosphorus diet was replaced by the experimental diet containing 0.6% phosphorus (Table I, high-phosphorus dietl. The other groups continued to receive the low-phosphorus control diet. Food consumption was registered twice weekly throughout the testing period, which lasted 28 days. At the end of the experiment all mice were weighed and killed by cervical dislocation. The heart and right kidney were excised, weighed and deep frozen until chemical analysis.
Experiment with DBA/2 mice Fourteen primiparous DBA/2 females, earlier purchased from Harlan alae Ltd (UK),produced the offspring that was used in experiment 2. The female breeder mice were fed on a low phosphorus (0.2%, w/w)-high magnesium (0.08%) diet (Table 2 , pre-experimental diet) and mated with DBA/2 males (Harlan Olac, UK). The diet for the breeders was chosen to depress the development of cardiac calcification and thus to amplify the possible effects of the experimental diets. Phosphorus excess and low intakes of magnesium enhance kidney calcification in rats (Mars et 01. 1988) , and it was assumed that the same could hold for cardiac calcification in mice.
From the offspring (n = 50) 20 males and 20 females were chosen randomly and assigned to one of five experimental groups so that body weight distributions of the groups were Constant components (g): casein 225, corn oil 25, coconut oil 25, cellulose 30, CaCo3 10, KCI0.5, KHC03 7.5, mineral premix 10, vitamin premix 12. Composition of premixes has been described elsewhere (Hoek et al. 1988) similar. Each dietary group thus consisted of four males and four females. At the age of 4 weeks, the mice were transferred to the experimental diets (Table  2) . One group remained on the high-magnesium, low-phosphorus, pre-experimental diet. The experimental diets contained normal (0.04%, w/wl or low (0.02%) magnesium amounts and either normal (0.4%) or high 10.8%)amounts of dietary phosphorus. The diet with normal magnesium and normal phosphorus contents (control diet) was formulated essentially in accordance with the AIN recommendations (Bieriet a1. 1977).The mice were housed per gender and dietary treatment in transparent macrolon cages with a 375 cm 2 surface (Uno BV,Zevenaar, The Netherlands). They were given free access to tap water and food throughout the experiment.
The animals were weighed weekly and food consumption per cage was assessed. At the age of 8 weeks the mice were killed by cervical dislocation immediately after collection of heparinized blood while they . were under di-ethyl ether anaesthesia. The following organs were excised post-mortem: heart, lungs, tongue, stomach and kidneys. A sample was taken from the femoral extender muscles and the liver. The hearts were dissected sagitally to obtain halves containing parts of the left and right atria and ventricles. One heart half was weighed and stored in buffered formol together with the tongue, lungs and the right kidney. The other heart half was weighed and deep frozen until chemical analysis, as were the muscle and liver samples and the left kidney. The blood was centrifuged at 1000xg force for 15min. The plasma was collected and stored at -20°C.
Chemical analyses
Food samples, hearts or heart sections, kidneys, muscle and liver samples were dried l106°C, 17hI and subsequently ashed 1500°C, 17h). The ash was dissolved in 6 M HCl and calcium contents were measured by atomic absorption spectrophotometry using a Varian-AA275 (Varian, Springville, Australia). Phosphorus was measured using the Phos-Ultimate commercial kit 7 on a Cobas-BIO analyzer (Roche Diagnostic Systems, Hoffmann-La Roche, Basel, Switzerland).
Histology
The formol-preserved heart samples were cut into 5 {tm-transsectional slides. At regular intervals one slide was taken and stained according to Von Kossa lMallory 19611. Between 7 and 10 slides per heart were taken. All trans sections were judged according to the criteria listed in Table 3 . For each heart an average score was calculated, which was used for statistical analyses. From the other organs and from the kidneys from the mice of experiment I, only one slide was taken and stained according to Von Kossa. For these organs only the presence or absence of deposits was registered.
Statistics
For statistical analysis, a commercial statistical package was used ISPSS1995). The All other, homogeneous and normally distributed data were subjected to ANOVA, with the two factors sex (s) and phosphorus (p)(experiment 1)or with three factors sex Is), dietary magnesium (ml and dietary phosphorus (pl. The group of DBA/2 mice that remained on the pre-experimental diet with low-phosphorus and high-magnesium concentration was allocated to a separate ANOVA with the group fed the control diet (normal magnesium and phosphorus concentration). The two factors applied were sex (s) and diet (d).
When a statistically significant effect was found with ANOVA, the experimental groups were compared with one another, using the one-way Tukey test. Overall, the acceptable risk of a type I error was preset at 5% IP<O.05).
Results
For experiment 1 with the NMRI mice, the body weights, relative organ weights and feed intake are given in Table 4 . There were no effects of dietary phosphorus concentration. Organ mineral contents are listed in Table 5 . After 4 weeks on the high-phosphorus diet, the phosphorus and calcium contents of the hearts and kidneys of the male mice and the kidney calcium and phosphorus contents in van den Broek & Beynen the female mice were unchanged. Histology of the kidneys revealed no calcification in any of the groups. In the females the heart calcium was significantly raised by the highphosphorus intake.
The final body weights of the female DBA/2 mice in the second experiment were on average 3.9 g lower than those of their male counterparts. As to the results of chemical and histological analysis in the DBA/2 mice, males and females differed only with respect to three parameters. Female mice had higher muscle magnesium (18%), heart magnesium (18%) and heart phosphorus (18%) concentrations. All data for the males and females are presented in conjunction, however, in order to highlight any effects of diet treatment.
Dietary magnesium and phosphorus concentrations significantly influenced growth of the mice (Table 6 ). The mice fed the diet with low-magnesium and high-phosphorus concentrations had significantly lower body weights and relative kidney weight than those fed the control diet. Heart weight was not affected by diet. Food consumption was lowest in the mice fed the low-magnesium/ high-phosphorus diet. One mouse fed on the low-magnesium diet died after 2 weeks and was not included in the analysis.
Feeding the diet with high-phosphorus and low-magnesium level significantly lowered plasma magnesium concentrations (Table 7) . The dietary treatments did not influence plasma phosphorus and calcium concentrations. In muscle and liver, magnesium and phosphorus contents were not altered by the diets, but the liver calcium content was raised by feeding the low-magnesium/highphosphorus diet. For muscle calcium a similar tendency was seen.
Kidney mineral contents were markedly elevated by high-phosphorus intake. In both high-phosphorus groups dramatic changes were observed microscopically also. Viable cells were strongly reduced in number, being replaced by calcium phosphate depositions. A low-magnesium intake as the only dietary variable led to a moderate increase in kidney calcium content and in histologically assessed kidney calcification scores, without showing severe tissue damage. In combina- Results are given as means±SD for six mice per group 'Calculated phosphorus content of the diet (g/100g) 2Body weights in g; feed intake, corrected for the added water, in g/day; relative organ weights in g/100g body weight. All variables were subjected to ANOVA for detection of phosphorus (p) and sex (s) effects. Group differences were identified with a Tukey test. Means with different superscripts a-b are significantly different tion with phosphorus loading, a low-magnesium intake tended to increase kidney calcium content, not associated with a further increase in histology scores. The mineral contents of the hearts of DBA/2 mice were equally raised by highphosphorus and low-magnesium intake as sole dietary variables. The same was seen with regard to the increase in severity of cardiac calcification as determined histologically. The combination of low-magnesium and high-phosphorus intake resulted in extremely high heart calcium concentration and led to many large cardiac lesions.
The degree of tongue calcification was not significantly affected by any dietary treatment. The incidence of tongue calcification was highest in the mice fed the low-magnesium/high-phosphorus diet, seven out of the eight mice having a score of 1-3. Macroscopic examination revealed large verrucous calci-fications on the tongue surface (Fig 1) . Calcification of the lungs was found in one animal only, this mouse being fed the control diet. Stomach calcification was seen in two animals fed the high-phosphorus diet and in two animals fed the low-magnesium/highphosphorus diet.
The mice that continued to receive the preexperimental diet with high-magnesium and low-phosphorus concentrations showed a degree of organ calcification that was comparable to the mice fed on the control diet (Table 8 ). However, in the male mice the calcium content of the heart was significantly reduced by the high-magnesium, low-phosphorus diet. In the female mice such an effect was not observed. Likewise, in the male, but not in the female mice the kidney calcium content was reduced after feeding the diet with high-magnesium and low-phosphorus concentrations. 
Discussion
Phosphorus loading of rats by feeding them on diets containing 0.6% (w/w) phosphorus is known to produce kidney calcification (Mars et a1. 1988) . The NMRI mice in this experiment did not show kidney calcification after feeding the high-phosphorus diet, whereas the DBA/2 mice did. Thus, NMRI mice may be more resistant to dietary-phosphorus-induced kidney calcification than DBA/2 mice. This may be related to strain or age differences between the animals used. In rats, both these factors have been reported earlier, but the underlying mechanisms are unknown (Ritskes-Hoitinga & Beynen 1992) . Although the female NMRI mice did not develop kidney calcification, they did show significantly raised heart calcium concentrations after consumption of the highphosphorus diet. Thus, it appears that in the Table 7 Normally distributed data were subjected to ANOVA for detection of sex (s) and diet (d) effects. Group differences were identified with a Tukey test. Not normally distributed variables were subjected to a Kruskal-Wallis test to identify diet and sex effects (indicated with the capitals D and S) and the Mann-Whitney U test to evaluate group differences (means with different superscripts A-C are significantly different) female NMRI mice the heart may be more predisposed towards pathological calcification than is the kidney. This organ difference has been demonstrated earlier in rodents (Gialamas et 01. 1983) .
As far as we know, there are no reports of DCC in NMRI mice. As mentioned above, the female NMRI mice showed calcium accumulation in the heart after feeding the high-phosphorus diet. The increase in heart calcium may point to DCC. Nevertheless, it can be suggested that the outbred NMRI mice were less susceptible to development of DCC than were the DBA/2 mice. In the latter mice of both sexes, feeding the high-phosphorus diet caused a six-fold rise of heart calcium which was associated with a 2.5-fold increase in histological scores. On the basis of the findings of Van Vleet and Ferrans (19871we presume that DCC is the result of precipitation of calcium phosphate crystals within the mitochondria. Anderson (1983) suggested that} once exposed to the extracellular fluid} debris of mitochondria loaded with calcium phosphates form an excellent matrix for calcium phosphate precipitation.
It has been reported frequently that lowmagnesium intakes induce kidney calcification in rats (Mars et 01. 19881 . Limiting the dietary supply of magnesium produced both kidney and cardiac calcification in the DBA/2 mice of both sexes, as to a lesser extent did phosphorus loading. The effects of high-phosphorus and low-magnesium intake were accompanied by a similar} 12% decrease in plasma magnesium concentrations. Thus} it appears that low plasma magnesium concentrations are associated with cardiac calcification. Under in vitro conditions magnesium acts as an inhibitor of calcium phosphate formation (Fleisch 1978) . This phenomenon may also occur in vivo, which might explain why a low-magnesium intake synergistically enhanced both chemically analysed heart and kidney calcification in the DBA/2 mice. Magnesium is involved in numerous biochemical processes, including the maintaining of cell calcium homeostasis (Levine & Coburn 1984) . Magnesium deficiency may cause a disturbed calcium homeostasis leading to cell death and pathological calcification (Planells et 01. 1995) . van den Broek & Beynen Our data agree with earlier reports (DiPaolo et 01. 1964) showing that DBA/2 mice are highly susceptible towards pathological calcification. High-phosphorus and low-magnesium intakes aggravated the condition. The female NMRI mice displayed a moderate calcium accumulation in heart tissue after the feeding of a high-phosphorus diet. Although in the males there was a significant decrease in calcium content, the feeding of a high-magnesium} low-phosphorus diet did not fully prevent cardiac or kidney calcification in the DBA/2 mice. Probably} the physiological mineral concentrations in the cells and ECF are close to the concentrations that can cause pathological calcification in susceptible animals. In any event} we conclude that the diets for mice of DCC-susceptible strains should contain adequate amounts of magnesium and low but sufficient amounts of phosphorus in order not to further stimulate cardiac calcification.
